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Abstract

 Objective—To investigate the concurrent relationships between human plasma erythropoietin 

concentrations and energy expenditure (EE), body composition, plasma leptin concentrations, and 

associations with weight change.

 Methods—Plasma to measure erythropoietin and leptin and data for body composition; 24-

hour EE measured in a whole-room calorimeter; and 75g oral glucose tolerance testing were 

available from 109 full-heritage Pima Indians (55% male) from a larger study designed to 

understand the causes of obesity. Seventy-nine subjects had data for weight at a later visit (mean 

follow-up = 4.3±1.9y) to calculate percent weight change per year.

 Results—Erythropoietin, adjusted for covariates, correlated with 24h-EE (r=0.26, p=0.007), 

sleeping EE (r=0.29, p=0.003), fat free mass (r=0.19, p=0.05), and fat mass (r=0.27, p=0.005), but 

not insulin or glucose measures. The association of erythropoietin with 24h-EE was fully mediated 

by fat free mass. Erythropoietin associated with leptin in women (ρ=0.36, p=0.01), but not in men 

(p=0.9), independently from fat mass. The association of erythropoietin with percent weight 

change per year was in opposing directions (interaction: p=0.002) in males (r=−0.35, p=0.02) 

versus females (r=0.37, p=0.02).

 Conclusions—Non-hematopoietic endogenous erythropoietin action may be involved in body 

weight regulation in opposing directions in men and women, i.e. weight loss in men and weight 

gain in women.
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 Introduction

Erythropoietin (Epo), a protein primarily produced in the kidney, stimulates erythropoiesis 

(1) via a specific cell surface receptor (EpoR). The discovery of ubiquitous EpoR expression 

in non-erythroid cells led to greater understanding of the non-hematopoietic functions of 

Epo (2). Murine studies indicate Epo signaling may be important in body weight regulation 

as mice with EpoR expression limited to hematopoietic tissues develop obesity, in part due 

to decreased energy expenditure (EE) (3). Epo treatment of rodents, compared to saline, 

results in increased EE, decreased food intake and decreased fat mass at both supra-

physiologic (3) and physiologic doses (4). In addition, Epo administration to numerous 

murine models of insulin resistance and type 2 diabetes mellitus (T2DM) improves both 

weight and glucose regulation (4). The effect of Epo on body weight in rodents is not a 

function of changes in hemoglobin as leptin deficient (ob/ob) mice treated with Epo had 

attenuation of weight gain, both with and without phlebotomy (3). Inducing Epo 
overexpression in skeletal muscle of obese mice leads to supraphysiologic increases in Epo 

serum concentrations, followed by a ~25% adipose tissue loss over 12 weeks (5).

In the mice with EpoR expression only in hematopoietic cells, females gain more weight 

(~60%) than males (~30%) (3). It is known that 17-β estradiol treatment decreases Epo 

synthesis and gene expression during hypoxia (6). In men, the increase in hemoglobin with 

testosterone administration is associated with significant increases in erythropoietin (7). It is 

unknown if non-hematopoietic Epo effects differ by sex in humans.

Humans living at high altitudes are both less likely to be obese and less likely to be 

diagnosed with new onset obesity (8). Chronic hypoxia, increased plasma leptin 

concentrations, and impaired intestinal function are among the hypotheses given to explain 

altitude-induced weight loss (9). At high altitude, hypoxic induction of Epo regulated in part 

by hypoxia inducible factor (HIF)-2 and prolyl hydroxylase domain-containing protein 2 

offers a potential alternative explanation (10). In contrast, Tibetan highlanders, a people who 

have lived at high altitude for at least 25, 000 years, do not exhibit elevated Epo, which is 

associated in part to adaptive mutations in in the genes encoding these major regulators of 

hypoxic induction of Epo (10).

Pima Indians of Arizona have a high prevalence of obesity (11) and T2DM (12). Pima 

Indians living at a higher altitude (1400–1800m) in the Sierra Madre Mountains of Mexico 

are, on average, leaner and less likely to get T2DM than the Arizona Pima population (13). 

These two closely-related Pima Indian populations have differing lifestyles and food access, 

and after controlling for percent body fat, nondiabetic, Mexican Pima Indians have higher 

leptin concentrations than Arizona Pima Indians (14). These relatively higher levels of the 

appetite suppressing leptin (15) might protect against obesity. Whether Epo concentrations 

are different between these two populations or associate with leptin concentrations remains 

to be explored. Herein, we focused on the Arizona Pima population and hypothesized that 
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human plasma Epo concentrations would be positively associated with fat free mass and 

24h-EE, but negatively associated with fat mass, plasma leptin concentrations, and body 

weight changes, and that, sex specific differences might exist that modify these associations.

 Methods

 Study population

This study included 109 (55% male) full heritage Pima Indians recruited from the Gila River 

Indian Community in Arizona who did not smoke or take medications and were healthy as 

determined by history, physical examination and routine laboratory tests. Subjects included 

in this secondary analysis were admitted to our clinical research unit (CRU) between 2000 

and 2008 as part of one of three larger studies designed to investigate 1) contributors to and 

consequences of obesity (16), 2) contributors to ad libitum eating behaviors 

(NCT00342732), and 3) the sympathetic nervous system's role in the regulation of metabolic 

rate and the development of obesity (NCT00341770). None of the women were post- or 

peri-menopausal at the initial visit. Inclusion criteria for this current analysis included 

available plasma stored for <10 years to reduce storage time effects, and complete data for 

body composition, a 75g oral glucose tolerance test (OGTT) and 24h-EE measured in a 

whole-room indirect calorimeter. Subjects were admitted to the CRU where they were fed a 

weight-maintaining diet (WMD) (50% carbohydrate, 30% fat, 20% protein) with caloric 

content determined from individual body weight and gender. Subjects were asked to abstain 

from exercise. OGTTs were used to exclude volunteers with T2DM according to American 

Diabetes Association guidelines (17). Measurements of height, weight and body 

composition (DXA, Lunar Prodigy, GE Healthcare) were performed. A subset of 79 subjects 

had data available for weight after their initial admission from either a return visit to the 

CRU (n=35) or a study visit as a participant of a longitudinal study (1965 – 2007) designed 

to understand the etiology of T2DM among the Gila River Indian Community, where most 

of the residents are Pima Indians (NCT00339482) (n=44) (mean follow-up time: 4.3±1.9; 

range 0.7–7.5 years). Participants in the latter study had examinations as frequently as every 

2 years with measures of height and weight. All volunteers provided informed consent prior 

to participation in any study. All of these studies were approved by the Institutional Review 

Board of the NIDDK.

 Measurements

 24-hour energy expenditure

The assessment of 24h-EE was performed in a whole-room indirect calorimeter, as 

previously described (17). Energy intake during the assessment was 80% of the WMD to 

account for reduced activity during confinement to the calorimeter. Volunteers entered the 

calorimeter after an overnight fast and received meals at 08:00, 11:00, 16:30, and 19:00. 

Carbon dioxide production (VCO2) and oxygen consumption (VO2) were measured 

continuously for 23.25 h, averaged for each 15-min interval, and extrapolated to 24 hours. 

The 24-hour respiratory quotient (RQ) was calculated as the ratio of VCO2 to VO2. The 24h-

EE was calculated from the VO2 and RQ as previously described (17). Carbohydrate and fat 

oxidation rates were calculated from the RQ after accounting for protein oxidation 
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calculated from the measurement of 24-h urinary nitrogen excretion (18). Please see 

Supporting information for a detailed description of the plasma sample assays.

 Statistical analysis

Normally distributed variables are described using means and standard deviations and 

skewed variables using medians and interquartile range. In multivariate models, insulin and 

adiponectin concentrations were log-transformed to meet the assumptions of linear 

regression as both variables had a positively skewed distribution. Weight changes are 

reported as percent weight change per year to account for differences in baseline weight and 

follow-up time. Correlations between continuous variables were determined using Pearson 

rank correlation coefficients (r) for normally distributed data and Spearman rank correlations 

(ρ) for skewed data. All significant correlations between variables and Epo were investigated 

further using multivariate linear regression in the whole group. Effect sizes of multivariate 

linear regression models are reported as parameter estimates with [95% confidence limits]. 

Because Epo may interact with sex hormones (6, 7, 19, 20), the interaction term between 

Epo and sex was considered in all multivariate models and, given the relatively small sample 

size for detecting interactions, models were also stratified by sex.

To assess for associations between Epo and metabolic variables independent from any 

differences in sample storage time, hemoglobin, and kidney function (represented by serum 

creatinine) between individuals, we adjusted Epo concentrations for these variables and used 

the remaining unexplained variance to determine relationships with anthropometric and 

metabolic variables. Similarly, leptin was adjusted for fat mass to assess for relationships 

between variables and differences in leptin separate from that expected due to differences in 

fat mass. All correlations between adjusted values and other variables were confirmed with 

multivariate linear regression models, which gave similar results (see Table S1). Adjusted 

Epo, leptin, and 24h-EE values were normally distributed. In sensitivity analyses, all models 

were repeated using Epo measured from neuraminidase-treated plasma and Epo measured 

from neuraminidase-treated plasma adjusted for covariates.

To investigate a possible mediating effect of FFM in the relationship between Epo and 24h-

EE, mediation analysis using hierarchical regression models was used as preciously 

described (21). As the criteria for mediation were met, the Sobel test (22) was used to test 

whether the associations of Epo and 24h-EE are likely to be mediated by FFM. Statistical 

analysis was performed using SAS statistical software (SAS E-guide 4.2 and SAS version 

9.2; SAS Institute, Cary, NC). Alpha was set at 0.05.

 Results

General, anthropometric, and EE characteristics of the study population can be found in 

Table 1. We found a positive association between storage time and Epo concentrations 

(ρ=0.33, p=0.0005, Figure 1), but no relationship between storage time and leptin or 

adiponectin concentrations (ρ=−0.01, p=0.92; ρ=0.003, p=0.97). Treatment of plasma with 

neuraminidase attenuated the storage time effect on Epo (ρ=0.15, p=0.1, Figure 1). Epo 
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negatively associated with hemoglobin (ρ=−0.27, p=0.005) but did not associate with 

creatinine (r=0.001, p=0.92).

 Associations between Erythropoietin and Body Composition

Epo positively associated with FM (ρ=0.32, p=0.0007), fasting insulin (ρ=0.22, p=0.03), and 

2-hour insulin (ρ=0.25, p=0.008), but not with FFM (ρ=0.09, p=0.34) or glucose 

concentrations (p=0.9). Associations between Epo and insulin concentrations were no longer 

present after accounting for FM. Contrary to the unadjusted findings, Epo adjusted for 

covariates (including sex differences) associated with FFM (r=0.19, p=0.05) as well as FM 

(r=0.27, p=0.005). The associations between body composition variables and Epo or 

adjusted Epo were present only in men in the stratified analysis (FFM: ρ=0.28, p=0.03; 

r=0.32, p=0.01; FM: ρ=0.33, p=0.01; r=0.34, p=0.008), and not in women (FFM: ρ=0.25, 

p=0.09; r=0.2, p=0.18; FM: ρ=0.24, p=0.09; r=0.26, p=0.07). However, all correlations had a 

similar directionality and the interaction terms in the full model did not reach significance 

(all p>0.2).

Plasma leptin correlated with percentage body fat (ρ=0.87, p<0.0001) and FM (ρ=0.73, 

p<0.0001). Leptin was not independently associated with Epo after adjusting leptin for 

percentage body fat (ρ=−0.04, p=0.63). However, in analyses stratified by sex, adjusted Epo 

associated with adjusted leptin in women (ρ=0.36, p=0.01, Figure 2), but not in men (r=0.02, 

p=0.9). There was no association between Epo and adiponectin (ρ=0.05, p=0.6). 

Adiponectin negatively associated with 2-hour glucose, fasting and 2-hour insulin (ρ=−0.19, 

p=0.03; ρ=−0.28, p=0.002; ρ=−0.32, p=0.0004, respectively), and the associations with 

insulin remained true after adjustment for percentage body fat (ρ=−0.28, p=0.004; ρ=−0.35, 

p=0.0002).

 Associations of Erythropoietin with Energy Expenditure and Substrate Oxidation

Unadjusted Epo was not associated with 24h-EE (ρ=0.1, p=0.3) nor sleeping EE (ρ=0.17, 

p=0.08). However, adjusted Epo associated with 24h-EE (r=0.26, p=0.007) and sleeping EE 

(r=0.29, p=0.003). In analyses stratified by sex, these associations between adjusted Epo and 

EE measures were only present in men (24h-EE: r =0.3, p=0.02; sleeping EE: r=0.33, 

p=0.01) but not in women (24h-EE: r=0.22, p=0.14; sleeping EE: r=0.23, p=0.12). In a 

multivariate model including FFM, FM and age, Epo was not an independent predictor of 

24h-EE in either men (p=0.6) or women (p=0.9).

To further investigate the relationships between adjusted Epo, FFM and 24h-EE in men, we 

performed a mediation analysis to quantify a possible effect of Epo on 24h-EE mediated by 

FFM. In men only, all conditions for running a mediation analysis using FFM as the 

mediator variable were satisfied: Epo associated with 24h-EE (β=22.12±10.9 kcal [0.35, 

43.9], p=0.04); Epo also associated with FFM (β=0.76±0.31 kg FFM [0.13, 1.39], p=0.02); 

and only FFM remained associated with 24h-EE in the final model including both Epo and 

FFM (β=25.3±3.1 kcal, [19.0, 31.6], p<0.0001). The indirect effect of Epo on 24h-EE 

exerted through FFM indicated almost complete mediation (Sobel test: p=0.023).

There was no correlation between Epo and respiratory quotient or lipid oxidation (ρ=0.12, 

p=0.2; ρ=0.03, p=0.8), but a correlation between Epo and carbohydrate oxidation was 
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observed (ρ=0.2, p=0.04). The association with carbohydrate oxidation was present only in 

women (women: ρ=0.45, p=0.001; men: ρ=0.11, p=0.37). In multivariate models stratified 

by sex and adjusted for age, FM, and FFM, Epo was an independent predictor of 

carbohydrate and lipid oxidation in women (β=11.2 [0.35, 22.1] kcal, p=0.04; β=−13.3 

[−26.8, −0.12] kcal, p=0.05), but not in men (β=−0.98 [−22.8, 20.9] kcal, p=0.92; β=−1.7 

[−26.2, 22.8] kcal, p=0.89). None of the cross-sectional results differed if Epo measured 

from neuraminidase-treated plasma were used in the analyses instead.

 Associations between Erythropoietin and weight change

Epo was not associated with percent weight change per year (ρ=0.07, p=0.52) in the whole 

group. However, an interaction between Epo and sex was present in the multivariate model 

of percent weight change per year (sex*Epo interaction term: p=0.002). Exploration of this 

interaction revealed that the directionality of the association between Epo adjusted for 

differences in storage time, creatinine, and hemoglobin and percent weight change per year 

differed between men (r=−0.35, p=0.02) and women (r=0.37, p=0.02; Figure 3). This 

opposing directionality was essentially unchanged if unadjusted Epo was used in the model 

(men: ρ=−0.24, p=0.13; women: ρ=0.42, p=0.008), or if Epo measures from neuraminidase-

treated plasma (men: ρ=−0.23, p=0.14; women: ρ=0.44, p=0.006), or neuraminidase treated 

plasma adjusted for covariates (men: ρ=−0.34, p=0.03; women: ρ=0.41, p=0.01) were used.

 Discussion

Although Epo is primarily recognized for its role in erythropoiesis, evidence from murine 

literature indicates that it may have a role in body weight regulation via an association with 

EE. We found that higher Epo concentrations associated with higher 24h-EE in men due to 

an indirect association of Epo on EE, mediated by FFM. Epo was also associated with FM at 

baseline. We observed opposing associations between Epo and body weight change in men 

and women. Higher Epo concentrations were associated with weight loss in men and weight 

gain in women indicating that non-hematopoetic Epo action may possibly be modulated by 

sex hormones. In women, there was an additional independent association of higher Epo 

concentrations with higher leptin concentrations, independent from the relationship with 

FM, raising the possibility that Epo may either mediate or be affected by leptin resistance.

Epo, mainly produced in the kidney and the key stimulant of erythropoiesis (1), has also 

been shown in murine studies to be produced by brain and osteoblasts, while EpoR is 

expressed in non-hematopoietic cells including white adipose tissue (23, 3). A recent study 

indicates that endogenous Epo-EpoR signaling is involved in white adipose tissue 

inflammation and might regulate obesity induced insulin resistance and glucose intolerance 

in mice (24). Epo may influence FM as we observed a positive association between Epo and 

FM. Our finding that Epo was positively associated with FFM, the main determinant of EE, 

is consistent with the fact that mice missing EpoR in non-hematopoietic cells have lower 

activity levels and oxygen consumption, and therefore, are more energy efficient then wild-

type mice (3). Interestingly, we found a positive association between Epo and carbohydrate 

oxidation and a negative association with lipid oxidation in women (but not in men), which 

might partially explain the physiological underpinnings of the Epo-associated weight gain 
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we observed in women. Carbohydrate oxidation predicts ad libitum food intake as well as 

short-term (25) and long-term changes in body weight (26). Studies of adipose tissue-

specific disruption of EpoR in rodents have had variable results where adipocyte Epo 

signaling was found to be important for energy homeostasis only in models susceptible to 

diet induced obesity (27) but not in rodents on a mixed genetic background more resistant to 

obesity (28). This observation seems to support the differences we observed between men 

and women as, in general, women may have a greater susceptibility to ease of fat 

accumulation.

Leptin and erythropoietin act synergistically during erythroid development, and in our study, 

were positively associated with one another (29). Signaling of adequate fat stores by leptin 

may permit maximal stimulation of erythropoiesis by Epo. In women, the association of Epo 

and leptin was independent of covariates including FM. Because of the reported satiety 

effects of leptin (30), it might be expected that such an association would portend weight 

loss with higher Epo concentrations. However, we observed the opposite effect suggesting 

that Epo is related to leptin resistance in women. This may be because estrogen modifies any 

potential relationship between Epo and leptin. Alternatively, as Epo treatment is known to 

stimulate appetite (31), appetite-stimulating effects of Epo may be more important than 

Epo's effect on EE in women, compared to men. However, a recent murine study showed 

that increased food intake in transgenic mice overexpressing human Epo did not differ by 

sex (4). Epo was not independently associated with glucose or insulin concentrations, 

consistent with a prior study (32).

Evidence for the role of erythropoietin in human body weight regulation prior to our study is 

limited to reports in patients with cancer or undergoing hemodialysis. Relative body weight 

and subcutaneous fat stores increased with recombinant Epo treatment of anemic 

hemodialysis patients (33), and Epo-treated cancer patients have better nutritional resources 

and less wasting compared to a control group (34). We observed that higher baseline Epo 

concentrations were associated with weight loss in men and weight gain in women. 17-β 

estradiol is known to attenuate hypoxic induction of Epo in ovariectomized rats (6). Epo also 

plays a critical role in the estrogen-dependent cyclical angiogenesis that occurs in the murine 

uterus (6), and a contribution of Epo to the cyclic proliferation and differentiation of human 

endometrial epithelial cells has been reported (35). The authors suggest that ovarian steroids 

may stimulate Epo production in human endometrial glandular epithelial cells (35). In 

addition, Epo is known to stimulate testosterone production (36) in men. On the other hand, 

the haematopoietic effect of testosterone does not appear to be mediated by stimulation of 

erythropoietin production (37). Higher concentrations of testosterone are associated with 

increased lean mass and muscle strength as well as decreased FM (38). Thus, we would 

hypothesize that sex hormones may modify any effects of Epo on body weight regulation or 

that Epo may interact with sex hormones to direct nutritional resources to meet sex-specific 

needs, i.e. increased lean mass via testosterone versus reproductive functions in females. In 

men, Epo concentrations were positively associated with 24h-EE, a relationship completely 

mediated by FFM, the main determinant of EE. We did not have data to determine if Epo 

was associated with hunger or food intake; however, we would hypothesize that blood loss 

in fertile women with regular menses requires a signal to increase energy stores in 

anticipation of future pregnancy.
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One limitation of our study was that longer storage time was associated with higher 

measures of elevated plasma Epo levels. After reviewing prior literature (39), this was 

thought to be due to differences in the amount of sialic acid moieties that attach to the Epo 

molecule over time leading to increased ELISA sensitivity. We addressed this concern by 

treating the plasma with neuraminidase to remove sialic acid (19), before redoing the ELISA 

assay to measure Epo. Although the neuraminidase treatment reduced the association 

between Epo and storage time, all of our results were essentially unchanged whether the 

variable used was Epo measured in untreated or treated plasma. We also chose to address 

this limitation statistically by adjusting Epo measurements for differences in individual 

storage time to minimize this potential confounder.

The associations between Epo and body composition were significant in men but did not 

cross the statistical significance threshold in women which may, in part, be due to the 

smaller sample size for women. Our study population included only full heritage Pima 

Indians as this was a secondary analysis of data from a study of the cause and consequences 

of obesity in a primarily Pima Indian population. Members of the Pima Indian community in 

Arizona are, on average, more obese and have a higher prevalence of T2DM (12) than other 

ethnicities in the US population. However, findings within the Pima population are usually 

prototypic of those found in other groups.

The FFM-dependent association between Epo and 24h-EE plus the positive association 

between Epo and weight loss in males raise the possibility that endogenous Epo action in 

non-hematopoetic tissue may contribute to protection against male obesity. The opposite 

association between Epo and weight gain in females, and the association between Epo and 

greater carbohydrate oxidation in women indicate the potential for an estrogen-modulated 

inhibitory effect on non-hematopetic Epo response, possibly to help improve energy stores 

in preparation for reproduction. In women, higher Epo concentrations were also associated 

with higher leptin concentrations independent from FM. These data indicate that non-

hematopoetic Epo action may be modulated by sex hormones, and, in women, Epo action 

may either mediate or be affected by leptin resistance. Prospective clinical studies applying 

phlebotomy or administration of recombinant erythropoietin in a sex-specific manner, for 

instance, might help to further elucidate a potential role for Epo in body weight regulation.

 Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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What is already known about this subject?

• Erythropoietin signaling may be important in body weight regulation as 

mice without erythropoietin receptor expression in non-hematopoietic 

tissues develop obesity, in part, due to decreased energy expenditure.

What does this study add?

• We report findings in healthy individuals whereas prior evidence for the role 

of erythropoietin in human body weight regulation is limited to patients 

with severe illnesses.

• We found that higher erythropoietin concentrations were associated with 

higher 24 hour energy expenditure in men due to an indirect effect of 

erythropoietin on energy expenditure mediated by fat free mass.

• We observed opposing associations between plasma erythropoietin and 

body weight change in men and women, i.e. weight loss in men and weight 

gain in women.
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Figure 1. 
Storage time effect on plasma Erythropoietin samples

Plasma Erythropoietin levels were increased with longer storage time (A, ρ=0.33, p=0.0005, 

N=109). This effect was partially reduced when Erythropoitin was measured from 

neuramindase treated plasma samples (B, ρ=0.15, p=0.1, N=108).
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Figure 2. 
Erythropoietin and Leptin in females

Erythropoietin (adjusted for creatinine, hemoglobin, and storage time) was positively 

associated with leptin (adjusted for percent body fat) in women (ρ =0.36, p=0.01, N=48).
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Figure 3. 
Erythropoietin and weight change in males and females

The association of plasma erythropoietin concentrations (adjusted for creatinine, 

hemoglobin, and storage time) with weight change was found to be in opposing directions in 

men (closed squares, N=41) versus women (open circles, N=38) (males: r=−0.35, p= 0.02; 

females: r=0.37, p= 0.02). Exclusion of the visual outlier in the group of women with an 

annual weight gain of 11.1% did not substantially alter the results (r=0.36, p= 0.03).
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Table 1

General, anthropometric, and energy expenditure characteristics of the study population

All Men Women

N 109 60 49

Age, (years) 31.0 ± 7.5 (18.1–46.0) 31.2 ± 7.5 (18.1–44.8) 30.7 ± 7.6 (18.1–46.0)

Body weight, (kg) 97.4 ± 21.6 (51.5–158.5) 100.7 ± 19.6 (57.0–158.5) 93.4 ± 23.4 (51.5–153.4)

Body weight at follow up, (kg) 101.4 ± 25.6 (55.0–168) N=79 103.2 ± 23.6 (60.0–158) N=41 99.4 ± 27.8 (55.0–168) N=38

Body weight follow up time, (years) 4.3 ± 1.9 (0.7–7.5) N=79 4.0 ± 2.0 (0.7–7.5) N=41 4.5 ± 1.9 (1.0–7.5) N=38

Body weight change per year, (kg) 0.9 ± 4.0 (−16.2–14.5) N=79 0.71 ± 4.8 (−16.2–10.8) N=41 1.1 ± 3.0 (−3.4–14.5) N=38

Body weight change per year, (%) 1.0 ± 3.7 (−11.9–11.6) N=79 0.94 ± 4.4 (−11.9–11.6) N=41 1.0 ± 2.8 (−5.0–11.1) N=38

BMI, (kg/m2) 35.2 ± 7.5 (19.5–59.2) 34.3 ± 6.2 (22.5–51.2) 36.3 ± 8.8 (19.5–59.2)

Body fat, (%) 41.8 ± 9.1 (17.0–61.2) 36.2 ± 6.4 (17.0–49.6) 48.8 ± 6.8 (31.3–61.2)***

FM, (kg) 41.6 ± 15.4 (10.9–93.0) 37.3 ± 12.6 (10.9–71.6) 46.9 ± 16.9 (16.2–93.0)**

FFM, (kg) 55.8 ± 12.0 (33.3–91.3) 63.5 ± 9.2 (46.1–91.3) 46.5 ± 7.6 (33.3–61.8)***

Fasting Glucose (mg/dl) 89.9 ± 7.6 (73.0–116.0) 88.7 ± 6.3 (73.0–103.0) 91.3 ± 8.6 (78.0–116.0)*

2h Glucose (mg/dl) 127.8 ± 29.7 (65.0–189.0) 121.7 ± 28.9 (65.0–189.0) 135.2 ± 29.4 (67.0–187.0)

Fasting Insulin (μIU/mL) 9.5 [6.5; 14.5] 9.5 [6.0; 12.5] N=60 10.0 [8.0; 15.5]

2h Insulin (μIU/mL) 83.0 [43.0; 128.0] 70.0 [31.0; 120.5] 92.0 [58.0; 142.0]

24h-EE (kcal/day) 2456 ± 397 (1552–3548) 2664 ± 314 (1933–3548) 2200 ± 334 (1552–3014)***

Sleeping EE (kcal) 1759 ± 291 (1166–2588) 1875 ± 274 (1302–2588) N=59 1614 ± 245 (1166–2138)*** N=47

Respiratory Quotient 0.85 ± 0.03 (0.78–0.94) 0.85 ± 0.03 (0.78–0.94) 0.85 ± 0.03 (0.79–0.9)

Carbohydrate oxidation (kcal) 1104 ± 289 (479–2524) 1216 ± 295 (665–2524) 967 ± 217 (479–1465)***

Lipid oxidation (kcal) 1027 ± 331 (381–2006) 1105 ± 334 (381–2006) 931 ± 304 (424–1757)**

Erythropoietin (mlU/ml) 8.3 [5.6; 11.6] 7.4 [5.7; 10.6] 9.2 [5.5; 13.0]

Epo after Neuraminidase treatment 
(mlU/ml) 16.4 [11.6; 22.2] 14.9 [11.5; 21.0] 16.8 [12.5; 25.1]

Leptin (pg/ml) 15876 [8541; 35258] 9897 [6062; 15510] 36642 [20951; 49148]***

Adiponectin (ng/ml) 1947 [1159; 2657] 1865 [1073; 2893] 2015 [1350; 2657]

Storage time, (years) 11.7 ± 2.1 (5.4–14.2) 11.5 ± 2.4 (5.4–14.2) 12.0 ± 1.9 (7.4–12.5)

Values are presented as mean ± SD and ranges in parentheses, except fasting and 2 hour Insulin, erythropoietin, leptin, and adiponectin, which are 
presented as median, and lower and upper quartiles in brackets. Differences between men and women were assessed by Student's t-test

FM = Fat mass; FFM = Fat free mass; BMI = Body mass index; 24h-EE = 24-hour energy expenditure. There were no differences between the 
whole study population and the subgroup with follow-up weight (N=79) (p>0.16 for all variables).

*
= p < 0.05;

**
= p <0.01;

***
=p <0.0001.
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